New tetrakis-and hexakis(1H-pyrrole-2-carbaldehyde) anion receptors are described. The anion binding properties of these receptors were studied in organic media and in the solid state. The receptors displayed good affinity for the dihydrogenphosphate and pyrophosphate anions (as the tetrabutylammonium salts) in chloroform even in the presence of a polar protic solvent, methanol.
Introduction
Inorganic phosphate and related anions are ubiquitous in nature. These anionic species play key roles in energy transduction and in the storage and expression of genetic information. 1 Phosphates are also pervasive pollutants and may lead to eutrophication of lakes and waterways. 2 The development of molecular constructs capable of binding the phosphate anion in its various protonated forms, as well as related oxoanion species is of critical interest since it may provide a rst step towards solving various problems related to anion detection, extraction, and separation. [3] [4] [5] [6] In general, anions are larger than cations and therefore larger hosts are required to bind them. 7 Fortunately, a number of binding motifs may be exploited to achieve anion recognition, including coulombic interactions, hydrogen bonding, halogen bonding, and anion-p interactions. [8] [9] [10] [11] [12] Hydrogen bonding has proven particularly effective. However, certain anions, including oxoanions, such as dihydrogenphosphate (H 2 PO 4 À ) and hydrogensulfate (HSO 4 À ), are susceptible to proton transfer. 13 As a result, ensuring anion binding rather than deprotonation (acid-base chemistry) has proven to be a challenging task. 14, 15 One hydrogen bond donor that is relatively less susceptible to deprotonation is pyrrole. An early example of a pyrrole-based system capable of binding the phosphate anion was the pentapyrrolic macrocycle, sapphyrin. This system, which is dicationic in its protonated form, proved capable of stabilizing a "sitting-atop" complex with the phosphate anion in the solid state and of binding DNA and other phosphate-containing species in solution. 16 In 1996, Gale et al. reported that octamethylcalix [4] pyrrole (C [4] P; 1) may act as an anion receptor in organic media. 17 Calix [4] pyrrole is a nonconjugated system long known in the literature. 18 It was found to bind the uoride and chloride anions in halogenated solvents, along with their counter cations in some cases.
In the case of uoride and chloride anion salts studied in organic media, compound 1 displayed association constants that were >2Â greater than those recorded for the corresponding acyclic building block, dipyrromethane (DPM) 2a. 21 This difference was ascribed to the greater pre-organization of the cyclic systems, as well as to the increased number of pyrrolic NH hydrogen bond donors provided by 1 compared to 2a. Interestingly, compound 2a displayed a higher affinity towards H 2 PO 4 À (as its tetra-n-butylammonium (TBA + ) salt) than did 1 in CD 2 Cl 2 . While this apparent dichotomy was not studied in detail, it might reect the fact that the dihydrogenphosphate anion is too large to be accommodated well within the NH-rich calix [4] pyrrole pseudo cavity. In contrast, the presumably greater exibility of 2a might allow the stabilization of a greater number of favourable contacts with this and other oxoanions than compound 1. While untested, this hypothesis provides an incentive to prepare and study new dipyrromethane-based anion receptors. A goal of this effort would be to create phosphate anion receptors that rival C [4] P in terms of ease of preparation and which allow for good phosphate anion binding. In this study we focus on dipyrromethane (DPM) receptors that have been subject to formylation in the so-called a-pyrrolic positions.
In 2003, in the context of synthetic work aimed at producing a C[4]P-texaphyrin chimera, 22 the pyrrolic a-positions of 2a were subject to formylation to produce 2b. The anion binding properties of 2b with TBAF were studied by isothermal calorimetry (ITC) in acetonitrile and via X-ray crystallography in the solid state. 23 On this basis, it was concluded that 2b was not an effective anion receptor. On the other hand, we recently found ) in chloroform, as inferred from NMR spectroscopic and UV-Vis analyses. As compared to 1, the non-formylated system 3a proved to be a slightly better receptor for H 2 PO 4 À (K a ¼ 10 3 vs. 10 2 M À1 in CHCl 3 and CH 2 Cl 2 , respectively). DPM derivatives, which do not bear substituents in the pyrrolic a-positions are notoriously unstable, being prone inter alia to oxidative coupling and electrophilic aromatic substitution. On the other hand, bis-formylation yields stable systems that we believe may have a role to play as anion receptors. In preliminary work, high phosphate anion affinities were noted for the four-fold formylated derivative of 3a, receptor
in CHCl 3 ; cf. Table 1) . 24 Presumably, this increased affinity reects the favourable electronic changes, as well as the addition of hydrogen bond accepting sites, that result from formylation. To understand the underlying determinants and to improve on the phosphate binding affinity displayed by 3b, we have now prepared and studied several analogues bearing different spacer elements between the diformyl-DPM subunits, as well as a new hexakis(1H-pyrrole-2-carbaldehyde) receptor, 7b. Compared to 3b, receptor 7b displays a phosphate anion affinity that is enhanced by roughly 66 fold when studied under identical conditions (i.e., CHCl 3 containing 3% CH 3 OH).
Results and discussion

Syntheses and single crystal structures
The synthesis and characterization of 3b-5b have been reported previously. 24 In this paper, we present the new derivatives, 6b and 7b, obtained in moderate overall yields. The synthetic route to obtain 3b-7b is shown in Scheme 2. In the rst step, commercially available diacetyl and triacetyl starting materials were converted into bisDPM 6a, and trisdipyrromethane (trisDPM) 7a, respectively, albeit in low yields (5-15%). The low yields stand in contrast to high yields observed for 3a and 5a, which precipitate from the reaction mixture and constitute the dominant reaction products. 24 The unstable a-free bisDPM (6a) and trisDPM (7a) were then subject to Vilsmeier-Haack formylation to produce the stable formylated products 6b and 7b in relatively high yields (ca. 80%). Purication of 6b was carried out by recrystallization from N,N-dimethylformamide (DMF) at 80 C, whereas 7b was puried by column chromatography over b Determined using UV-Vis spectroscopy in CHCl 3 .
c Values from ref. 24 .
Scheme 2 Synthesis of receptors 3b-7b. *Catalyst concentrations and reaction temperatures vary.
silica gel. The molecular structures were characterized by 1 H and 13 C NMR spectroscopy, high-resolution mass spectrometry (HRMS), and single crystal X-ray diffraction analyses.
Receptor 6b co-crystallised with two molecules of DMF. The single crystal structure revealed that two diformyl-DPM units residing on opposite cyclopentadienyl (Cp) rings of the ferrocene were locked at about 90 from one another, leading to the presence of a racemic mixture of conformational isomers within the single crystal. Fig. 1 shows one of the atropisomers of 6b. It crystallizes as a one-dimensional hydrogen bond interlocked ensemble, even in the presence of DMF. The formation of these assemblies can be rationalized on a geometric basis. The bridging ferrocene adopts a conformation such that the two constituent Cp rings, each bearing a DPM substituent, are offset from one another by 90 . This allows for the formation of four intermolecular hydrogen bonds between the two self-complementary diformyl-DPM subunits, as can be seen from an inspection of Fig. 1 . Receptor 7b, on the other hand, co-crystallised with CHCl 3 . Each of the three diformyl-DPM units on the bridging benzene is oriented in a different direction (cf. Fig. 1 ). One of the three DPM subunits was found to resemble what is seen in the case of 3b 24 wherein two diformyl-DPM units are seen to orient towards opposite p-faces of the intervening benzene ring. On the other hand, two of the diformyl-DPM units present in 7b adopt conformations in which the pyrrole NH groups point away from one another. As a result, 7b forms dimers stabilised by four hydrogen bonds that extend to create two-dimensional layers (cf. Fig. S2 †) . The assemblies formed by 6b and 7b may be viewed as being examples of Gale and co-worker's "narcissistic dimer"
15 that are extended into one and two-dimensional space, respectively. The hydrogen bond interlocked aggregates seen in the solid state structures of 6b and 7b may account for the low solubility these species display in many solvents.
Anion binding studies
The anion selectivity for 3b-5b in CHCl 3 was found to be
À , Cl À (as the commercially available TBA + salts). 24 The observed selectivity was not found to correlate with the basicity of the anions (basicity order:
. Rather, the trend appears to correlate with an ability of the anion to interact with the receptor via hydrogen bond donation to the formyl groups (in addition to acting as a Lewis basic hydrogen bond acceptor for the pyrrolic NH protons). In fact, the H 2 PO 4 À anion, with two hydrogen bond donating sites (rather than one or none as in the other test anions), is bound with the highest relative affinity. The effect of the formyl groups in abetting dihydrogenphosphate anion binding is substantial (i.e., several orders of magnitude difference in K a values). This was rst noted for 3a vs. 3b in the context of our original report (vide supra). 24 Further support for this conclusion came from a comparison of the a-free derivative 5a with its formylated congener 5b (cf. Table 1 ). Unfortunately, the other non-formylated DPM derivatives prepared in the context of this study proved too unstable to allow for analyses of their anion binding affinities.
Diffusion ordered NMR spectroscopy (DOSY) 25 was used to examine the interactions between anions and receptor 3b. Receptor 3b was chosen for these studies for two reasons. First, ) were subject to slow-exchange, 24 allowing both species to be observed concurrently. Fig. 2 Diffraction grade single crystals of the complex 4b$TBAH 2 -PO 4 were obtained in a similar way. The resulting structure is shown in Fig. 4 Based on the binding mode observed in the solid state, we considered it likely that anion-p interactions, as well as pyrrole NH-anion hydrogen bonding interactions contribute to anion binding. To explore this possibility, the effect of adding TBAH 2 PO 4 to the most soluble receptor of the present series, namely the meta-derivative 4b, was investigated by 1 H NMR spectroscopy (Fig. 6 ). Upon addition of one molar equivalent of TBAH 2 PO 4 to a CDCl 3 solution of 4b, discernible shis in the proton resonances of 4b were observed (cf. Table 2 ). Of particular note were the 0.6 ppm upeld shis seen for the proton signals of the linking benzene ring. Similar 1 H NMR spectroscopic studies of 5b carried out in CDCl 3 , 7b in a more competitive solvent mixture, CDCl 3 : DMSO-d 6 (8 : 1), likewise revealed upeld shis in the intervening benzene resonances (cf. Fig. S8 and S10 †). Such shis are consistent with the decrease in the deshielding effect of the intervening aromatic ring current as seen in previous studies of a,a,a,a-mesotetraaryl-C[4]P derivatives by Ballester and co-workers.
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However, as noted by a reviewer, such an observation is not sufficient to conrm or rule out the presence of an anion-p interaction. Intuitively, the interaction of anion H 2 PO 4 À with the electron-rich intervening benzene ring of 4b is expected to be repulsive, thus destabilizing the overall binding event. However, Deyà 32 has suggested that the polarization of a pelectron system by an anion induces a dipole moment that may provide a contribution to the anion-receptor interaction. In the case of the present system, further studies will be necessary to determine whether anion-p interactions (if any) are playing a substantial role in mediating the observed anion recognition behaviour.
Receptor 7b proved even less soluble in neat, non-hydrogen bonding solvents, such as CHCl 3 , than its congeners 3b-5b. This made it impossible to carry out binding studies that were directly comparable to those reported earlier. 24 However, in analogy to what was seen in the case of these other receptors, it was found that the solubility of 7b increased upon the addition of TBAH 2 (Fig. S15 †) . However, it was also apparent that large quantities of methanol were required to disrupt the complex completely. It was thus decided that a solution of 3% (v/v) CH 3 OH in CHCl 3 would provide a good balance between solubility and binding affinity and allow for quantitative analyses.
In a rst set of experiments, an 11 mM solution of 7b in 3% (v/ v) CH 3 OH in CHCl 3 was prepared and then subjected to titration with TBAH 2 PO 4 (cf. Fig. 7) . The induced spectral changes were then t to a 1 : 1 binding prole and used to calculate the binding constant corresponding to H 2 PO 4 À binding in accord with the methods described previously. 24 Similar UV-Vis titrations were carried out with a series of anions in the form of their respective TBA salts. It was found that titration with either the H 2 PO 4 À or HP 2 O 7 3À anions gave rise to signicant spectral changes with saturation behaviour being observed in the presence of fewer than ten molar equivalents of these two anions.
On the other hand, no discernable spectral changes were seen upon titration with HSO 4 À , Cl À , or NO 3 À .
In the initial studies of 3b-5b, CHCl 3 was used as the solvent. To allow for a comparison between the original tetrakis-(1H-pyrrole-2-carbaldehyde) anion receptors and the newer and hexakis analogue 7b, compound 3b was subject to titration with H 2 PO 4 À in 3% (v/v) CH 3 OH-CHCl 3 . The results from this comparison are summarised in Table 3 . Briey, 7b is characterized by a ca. 2 orders of magnitude higher dihydrogenphosphate anion affinity. This increase is in accord with the design expectations underlying 7b, namely that the presence of a third DPM subunit would force this system to adopt a preorganised conformation in a way that isn't possible for 3b.
To exploit the binding characteristics of the present diformyl-DPM receptors for the purposes of anion sensing, analogue 6b was prepared. It incorporates a ferrocene spacer and was designed to perform as an electro-active analogue of the tetrakis(1H-pyrrole-2-carbaldehyde) receptors 3b-5b. This new derivative proved poorly soluble in typical organic solvents used for electrochemical studies (e.g., CH 3 CN, DMF, CH 2 Cl 2 ). However, as above, an increase in its solubility was seen upon the addition of TBAH 2 PO 4 . This was seen as a "useful property"
33 that could be used to obtain insights into the H 2 PO 4 À binding events under conditions of electrochemical analysis. It was found, for instance, that initial turbid mixtures of free receptor 6b in CH 3 CN containing 10% (v/v) DMF give rise to a quasi-reversible cyclic voltammogram (CV) (black line in Fig. 8 ). The oxidation wave for 6b becomes increasingly irreversible as the relative concentration of TBAH 2 -PO 4 increases. Eventually, the CV becomes characterized by a relatively intense anodic peak and a near-absence of a corresponding cathodic feature. The observed increase in the anodic peak current is ascribed to the increase in the concentration of 6b (both free and complexed) that occurs as the titration runs its course. Since the 6b is not completely soluble in the solvent mixture in the absence of H 2 PO 4 À , the concentration of free 6b in the titration mixture should be constant up until the point where all traces of solid 6b are dissolved, presumably by conversion to the corresponding dihydrogenphosphate complex, 6b$H 2 PO 4 À . To the extent such a supposition is correct, it would account for the observed increase in the peak current, which could be attributed directly to the formation of the readily oxidizable species, 6b$H 2 PO 4 À . When the increase in the anodic peak current is plotted against the added H 2 PO 4 À concentration, a binding isotherm could be 
